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. Introduction
In most of the western world, tooth loss is increasingly delayed into old age and the prevalence of edentulism is declining [1] [2] [3] . This can lead to challenging clinical situations where elderly patients struggle to perform oral hygiene measures but retain a number of natural teeth [4] . In these circumstances one of the prosthodontic treatment options available is the use of natural root-supported overdentures (RODs), as the shortening of the abutment teeth might increase their survival [5] . According to the Academy of Prosthodontics, the term overdenture (OD) is defined as "any removable dental prosthesis that covers and rests on one or more remaining natural teeth, the roots of natural teeth, and/or dental implants; a dental prosthesis that covers and is partially supported by natural teeth, natural tooth roots, and/or dental implants" [6] (Fig. 1 ).
If further tooth loss occurs, RODs can easily be transformed into complete dentures. This can provide a smooth transition to edentulousness without overstretching patients' adaptive capacity. RODs are indicated when the remaining natural teeth cannot adequately serve as abutment teeth for fixed or clasp-retained partial dentures due to an unfavorable distribution in the arch, loss of periodontal attachment, complex functional or aesthetic needs or severe attrition. They may also be indicated when provision of endosseus implants to support overdentures (IODs) is not possible [7, 8] .
RODs are typically designed as complete dentures and cover the remaining natural abutments. In most cases, these abutments need to undergo elective devitalisation as the teeth are significantly shortened to provide sufficient restorative space for the prostheses. The abutments can either be covered by plastic filling materials, such as glass ionomer cement, amalgam or composite [9, 10] , or restored with cast copings, commonly constructed from gold alloy [11] . The abutment teeth will then serve to transmit masticatory forces thus protecting the underlying mucosa and alveolar bone [12] . They also serve to maintain a degree of proprioception as the periodontal ligament receptors remain intact [13] . Fontijn-Tekamp et al. has demonstrated that patients with RODs show a chewing efficacy similar to those with a shortened dental arch and better than implant-ODs or complete dentures [14] . Newton et al. also demonstrated that the loss of muscle mass of the jaw-closing muscles could be delayed if natural roots supported an overdenture [15] .
Where cast copings are used on the natural abutment teeth these can also be utilized to provide precision attachments which add extra retention to the overdenture [16] . The precision attachments consist of two elements: a male cast root cap, on which the retentive element is soldered (e.g., spherical attachment, cylinder, magnet) [16, 17] and a corresponding female matrix which is incorporated into the fitting surface of the prostheses. Retention within the matrices can be modified and the components can be changed if they become worn out. RODs are expensive removable prostheses because of the complexity of treatment and the laboratory components used in their production. Unfortunately a number of studies have demonstrated that the natural teeth used to support RODs are susceptible to caries and periodontal disease [11, [18] [19] [20] (Fig. 2) . The need to prevent such complications and the high maintenance burden can generate additional expenses.
The aim of this systematic review was to collect and analyze all the available evidence in the English, German and Japanese literature on the survival and complications of roots with cast copings and precision attachments used to retain a ROD. A metaanalysis was conducted to calculate the estimated annual frequency of loss of the natural abutment teeth. The focused question for the review was: "In partially edentulous patients with RODs, what is the estimated annual loss of abutment teeth and complications of the abutment teeth in clinical studies published in English, German and Japanese literature?"
Materials and methods
This systematic review was conducted in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines [21] .
Information sources
A systematic literature search was conducted using the combined MeSH terms "overdenture" or "dental prosthesis" and "root supported overdenture" or "denture bases" or "tooth root" and "anchor system" or "denture retention" or "dental abutment" or "root cap" or "attachment" or "abutment" and limited by "German" and "English" and "Japanese" in the databases. The electronic databases PubMed, CENTRAL and EMBASE were searched for relevant scientific reports published in English or German as well as the Japanese databases Ichushi-Web for articles published in Japanese with the translated terms ( Table 1 ). The electronic search by combined MeSH term was further augmented in the Web of Science (96 titles) and then by hand searched Fig. 1 . Clinical example of a cast coping with spherical attachment for the retention and support of an overdenture. reporting these on attachment systems for root copingsupported overdentures up to July 1st of 2017.
Search strategy and study selection
All clinical studies, excluding case reports, reporting on partially edentate patients with overdentures retained by natural roots with cast copings and precision attachments including ball attachments, Gerber attachments or magnets that satisfied the listed predefined inclusion criteria were included in this systematic review.
The included studies had to report at least: number of participants, type of cast coping and attachment, number of abutment teeth at the beginning and end of the observation period and the mean observation period. Excluded studies included overdentures retained on roots restored with plastic restorations, case reports or technical reports without statistical comparisons.
The following information was extracted: name of author/s and year of publication, sample size, patient age, mean observation period in months, gender of participants, number of cast root caps, number of overdentures, survival rates, overdenture attachment type, prosthetic and biological complications. The number of natural abutment teeth with biological complications such as caries, periodontal disease, endodontic failure, fracture and mobility, as well as prosthetic complication such as coping remake, denture repair, chipping, matrix repairs and change of activations were noted.
Two groups of investigators worked independently in order to analyze the English and German (AM and NR) literature and the Japanese literature (KI and ST). Each investigator created a list of studies for full text analysis. The lists were compared within the language groups and studies common to both lists were shortlisted. Mutual agreement on any included study was necessary to proceed with further analysis. Data extraction for the two groups was performed independently and the researchers were blinded. Disagreements were solved by a consensus discussion presided over by the senior author (MS). A sensitivity analysis was performed at the level of the data extraction. Therefore, the inter-investigator reliability was calculated using kappa (k) statistics [22] . In cases of identified studies reporting on the same cohort at different time points, only the most recent publication was included in the review. Furthermore, a subgroup analysis that compared cast copings with or with or without precision attachments was performed.
Risk of bias and quality assessment of the included studies
The Newcastle-Ottawa scale (NOS) was used for the assessment of the risk of bias and quality assessment of the included prospective cohort/case-control studies [23, 24] .
Primary outcome measure
The primary outcome measure was the estimated loss of abutment teeth with cast copings in overdenture patients, i.e., frequency of loss per 100 years. Therefore, the number of abutment teeth, the total exposure time (mean observation period), the frequency of abutment tooth loss and the annual rate of loss were calculated.
Secondary outcome measures
Information on the biological and technical complications in abutment teeth and overdentures were also extracted; this data has been reported qualitatively due to the heterogeneity of the information provided.
Statistical analysis
The total exposure time was calculated as the number of abutment teeth multiplied by the reported mean follow-up period of the study. For example, Ratanen et al. [25] this was 156 years, as the product of 52 abutment teeth observed over 36 months (=1872 months = 156 years). The frequency of abutment tooth loss was calculated as the difference between the number of abutment teeth at the beginning of the study and the end of the study. The estimated frequency of abutment tooth loss per 100 years was calculated as a percentage from the 100x number of losses/ exposure time. For example, a rate of 3.21 would mean that for 100 abutment teeth, a loss of 3.21 % could be expected after a period of one year [25] . Additionally the 95 % confidence intervals (CI) for the frequency are reported on the assumption that the frequency shows a Poisson distribution. The cumulated estimated frequency over all studies was weighted according to the ratio (percentage) of the follow-up of a given study in respect to the cumulated overall exposure time. The heterogeneity of the included studies was analyzed by plotting a funnel plot.
The analysis was performed by a senior bio-statistician using Stata/IC 14.2 for Windows.
Results

Study selection
The search strategy identified a total of 4791 eligible studies from PubMed, Embase, and CENTRAL, another 131 articles from additional sources as well as 316 articles from the Ichushi-Web. After the first screening and removal of duplicates 154 titles remained. Inclusion and exclusion criteria were applied which produced 77 articles from the English and German literature plus 14 articles from the Japanese literature for full-text analysis. Of Table 1 Search strategy.
Focused question
In partially edentulous patients with root retained overdentures, what is the estimated 10-year survival rate and respective complications of the abutment teeth with copings that can be pooled from retrospective and prospective studies in English, German and Japanese language? those manuscripts, 19 reported on the defined outcome parameters from which information could be extracted ( Fig. 3, [21] ). The inter-rater agreement for study selection was substantial (k = 0.6576) and ranged for the data extraction from substantial to almost perfect (0.6269< k <1).
Frequency of loss of abutment teeth with cast copings
The 19 studies provided pooled information on a total of 1954 abutment teeth with a combined total exposure time of 9098 years. The estimated linear rate of loss per 100 years was calculated as 1.76 (95 %CI 1.13; 2.72), i.e., 1.76 % of the abutment teeth were lost every year assuming that the loss occurs linearly ( Table 2 , Fig. 4 ).
Biological complications
Caries
Eleven studies [4, 11, 17, [25] [26] [27] [28] [29] [30] [31] [32] with an observation period ranging from 2 to 16 years reported data on caries in abutment teeth with cast copings. The prevalence of caries varied considerably between studies, ranging from 0.5 % to 83 % (Table 3 ).
Periodontal disease
Thirteen studies [11, 25, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] reported on periodontal outcomes for abutment teeth during observation periods ranging from 2 to 15 years. The outcomes of these studies vary significantly, out of the 19 studies, 13 reported on periodontal disease with reported prevalence ranging from 4 % to 86 %. The largest retrospective study by Angermeider and Stadelmann showed a 10 % increase in pocket depths around abutment teeth after up to 16 years of observation [35] .
Tooth mobility
Seven studies [17, 25, 28, 29, 32, 33, 37] with a follow-up period ranging from 2 to 12 years presented data on the mobility of the abutment teeth. Five of the articles stated a slight increase in mobility (Table 3) . A long-term study by Coca et al. [29] showed, that after 12 years 73.7 % of the abutment teeth showed no mobility.
Tooth fracture
Five studies [11, 20, 28, 30, 35] presented data on fracture of the abutment teeth during an observation period ranging from 2 to 16 years. The rate of fractures reported was small, with a range from 1.0 to 1.7 %. The long-term study from by Angermeider and Stadelmann showed a 1.1 % rate of abutment fracture after up to 16 years of observation [35] .
Technical complications
Prosthetic complications such as coping remakes, denture repairs, activation or repair of matrices, overdenture fracture, decementation, reline and remakes of the overdentures were recorded. Reports of technical complications varied widely amongst the included studies (Table 4 ). Studies reported frequent prosthetic maintenance was required, mainly for overdentures with exclusive root support [20] .
Seven studies presented data about the decementation of the cast copings which occurred in 6-32 % of all abutments [20, 25, 27, 30, 32, 34, 35] . Gonda et al. reported that after 5 years only 9 % of the cast copings on the abutment teeth had decemented. Their data suggests that cast copings cemented/bonded with a resin cement showed fewer episodes of decementation [35] . complications such as decementation and overdenture fractures could be prevented with the use of an adhesive resin primer on the matrix at insertion and the appropriate denture design with a reinforced framework [32] .
Two studies reported data on the number of overdenture relines required and ranged from 28 to 35.2 % [17, 38] . Shaw reported that relining is indicated as soon as the matrix contacts the fitting surface of the prosthesis to ensure that the overdenture remains mucosa supported and attachment is well retained [38] .
Five articles reported on overdenture repairs illustrating a range from 21 to 88 % of the prostheses [20, 27, 29, 34, 38] . Coca et al. reported after 12 years, half of the overdentures needed repairs. All the denture repairs involved a puncture fracture of the acrylic covering the matrix [29] .
Two studies reported the rate of remake of the cast copings. Shaw described after up to 7 years, 11 % of the root caps required to be remade compared to 5 % in the study by Coca [29, 38] .
Concerning complications with the matrices; four studies reported repair rates of 22-30 % further activation was required in 36-21 % of cases and a change in retention level was required in 9 % [20, 25, 35, 38] .
The subgroup analyses of abutment teeth with cast coping without precision attachments [17, 30, 39] versus copings with precision attachments [11, 17, 20, 25, [27] [28] [29] [31] [32] [33] [34] [35] 37, 38, 40, 41] did not show a difference in the frequency of abutment tooth loss between them (p = 0.538, Table 5 ).
Risk of bias and heterogeneity
The risk of bias of most of the included studies was as high, mostly because of the retrospective study designs and the absence of control-groups ( Table 6 ). The analysis of heterogeneity, i.e., the risk of a publication bias was analyzed with a funnel plot (Fig. 5 ).
Discussion
Principal findings
This systematic review and meta-analysis of the English, German and Japanese literature reveals a relatively low rate of linear loss of abutment teeth with cast copings retaining an overdenture of less than 2 % per year. The prevalence of caries and periodontal disease is high and those conditions contribute to the majority of lost abutment teeth. Technical complications are most frequently seen in the first year of service and often comprise of issues around activation of matrices and decementation of the cast copings.
Strengths and weaknesses of the review
Prospective clinical studies that investigate RODs are scarce and rarely comprise control-groups. The indication to provide a patient with a ROD is often an ultima-ratio decision, and aims to delay the time until a complete denture must be provided. Thus, the introduction of appropriate control-groups may be almost impossible. As RODs are usually provided for elderly or geriatric patients, prospective study designs and the introduction of comparable parameters are especially challenging, due to a number of logistical and ethical challenges. One could argue to compare RODs to IODs, but this comparison cannot be justified, as teeth should only be replaced by implants as a last resort of treatment. Therefore, most of the included studies show a high risk of bias, due to their retrospective design and the absence of valid controls. Unlike implants, abutment teeth are very heterogeneous in regard to endodontic anatomy, structural deficits or periodontal condition. Furthermore, different clinicians may judge the prognosis of abutment teeth on varying parameters, resulting in a further increase of heterogeneity between individual subjects, data sets and publications.
In order to reduce, but also reflect this heterogeneity, the authors of the current systematic review included studies from a large geographical base. Therefore, and contrary to other reviews, the language restrictions that constitute a major inclusion bias in other systematic reviews were widened, as German and Japanese articles and theses were included.
The analysis of heterogeneity with the funnel plot method further strengthens the impression, that different clinicians judge the prognosis of abutment teeth differently and that different treatment concepts result in varying survival rates of the abutments. If there is neither a publication bias nor a strong heterogeneity of the studies, then most of the points in the funnel plot are expected to be within the 95 % confidence interval. The points in the plot should roughly describe a triangular form. There should be no area of the y-axis where the dots cluster on one side of the vertical lines (pooled rate). If all studies with a low exposure time have a loss rate below the pooled rate, this may indicate a publication bias. The included studies are therefore more heterogeneous than one would expect. In particular, there are unexpectedly many studies reporting on low frequencies of abutment tooth loss, which are outside the confidence interval.
For the meta-analysis studies were weighted according to the proportion (percentage) of the observation time of a study on the sum of the observation times of all studies. The weighting of the studies will give preference to large studies and not necessarily well conducted ones. For example, the largest weight has the study of Mericske and Mericske-Stern (2118 years) [11] , which had a retrospective design and is thus prone to be at risk for numerous forms of inclusion bias. Studies with a prospective design; those which are more difficult to conduct and more expensive like the study by Brkovic-Popovic et al. [39] or Ryuichiro et al. [34] have a small weight, but might provide more reliable results. This could have introduced a risk of bias into the results of the meta-analysis.
Frequency of loss of abutment teeth retaining an overdenture
Due to the retrospective design of most of the included studies and the varying expose times of the abutment teeth, the cumulative loss had to be estimated. The mean observation period was multiplied by the numbers of lost abutment teeth; however this calculation is based on the assumption that the loss occurs at a linear rate. In reality it is more likely that the frequency will Table 6 Results of quality assessment of the comparative studies analyzed. augment exponentially with time, but this behavior could not be calculated without the source data of each study. Thus, the calculated annual loss of 1.76 teeth per 100 may be unrealistic for shorter observation periods, but is likely to be a good indicator for long-term observationsand would therefore predict a loss of 8.8 % of abutment teeth after 5 years, or 17.6 % of abutment teeth after ten years.
Again, one should not directly compare these figures to implant survival. The considerations to provide a patient with one treatment modality or the other vary considerably. Also, if maintained well, teeth will last a lifetime that is longer than implants [42] . However, this may not apply to endodontically treated teeth that experience high mechanical stresses as they retain the overdenture. Retaining an overdenture by natural roots or implants are complementary, and not competing, options. Reported implant survival varies between 73.0-95.5 % depending on the experience of the surgeon, whereas tooth survival rates after endodontic treatment is reported as 89.7 % or 98.1 % for general practitioners or specialists, respectively [43] .
Biological complications
Caries
Caries represents one the main conditions that could result in the extraction of abutment teeth. Therefore effective caries prevention measures will increase the prognosis of both the abutment teeth and the prostheses. This is described in the study by Toolson and Smith [9] , who advocated the use of fluoride to prevent caries in abutment teeth without cast copings. The plaque scores of the group of patients who continued using a fluoride gel were superior when compared to the group of patients who elected not to use the fluoride gel [9] . Over the course of the study 16 patients who used the fluoride had a total of 36 teeth, 35 of which had no caries present. In comparison the group of patients who were not using fluoride had a total of 94 teeth, of which 20 showed clinical signs of caries. The use of fluoride gel was shown to be an effective means to prevent caries on the retained overdenture abutments [9] . It has also been reported that caries development in overdenture abutments could be inhibited with a daily application of chlorhexidinefluoride gel [44] .
Periodontal disease
The maintenance of periodontal health appears to be another major challenge in overdenture wearers as periodontal complications have been shown to be a major cause of abutment loss [45] [46] [47] . The majority of the studies showed an increase in pocket depths around the abutment teeth over the observation periods. In general, after five years moderately deep pockets around the abutment teeth decreased; but the deeper pockets tended to remain [44] .
Further studies showed no significant periodontal breakdown in despite of severely reduced periodontal support of many abutment teeth [11] . In many studies the periodontal health, while not optimal, was not responsible for the loss of a significant number of abutment teeth [9] .
In the study by Yao et al. in 2013 [37] after 3 years, the gingival health in the magnetic attachment group was better than the ballcap attachment group. However, the amount of attached tissue present decreased significantly between the 2nd and 5th yearrecall examinations.
It must be stated how important mechanical cleaning and the use of fluoride is to prevent abutment tooth loss due to periodontal breakdown with RODs. In the study by Yao et al. [37] , oral health maintenance and periodic checks after provision of the overdentures was shown to maintain abutment health and sustain long-term treatment effects. Fluoride-releasing materials such as glass ionomer cement could also be incorporated into coping materials to further decrease secondary caries and pocket depths. In a study by Toolson et al. with conventional overdentures [9] , the plaque scores of the group of patients who were motivated to continue using fluoride gel were superior when compared to the group of patients who elected not to use the fluoride solution.
Tooth mobility
Coca et al. [29] also showed, that after 12 years, 73.7 % of the teeth had no mobility. Tooth mobility showed an interesting pattern especially after the reduction of the teeth for the cast coping. It was reported, also for abutment teeth without copings that after reducing the height of the abutment teeth to approximately 2 mm above the gingival margin there was a marked reduction in mobility [44] .
The study by Yao et al. in 2013 [37] showed, that the mobility in abutment teeth restored with magnetic attachments was less than those with balls.
Tooth fracture
Fracture of abutment teeth was frequently reported. Reasons for this could be very wide or long cast posts [48] , inadequate tooth preparation or overloading [49] . However, fracture of the abutment teeth was reported as a reason for tooth loss much less frequently than caries or periodontal breakdown. Monfrin et al. established that periodontal disease problems were the cause of 3 extractions, subgingival decay caused one and root fracture also one extraction [30] . In the retrospective study with the longest observation period by Angermeider and Stadelmann, 4 of 54 abutment teeth failures were reported as root fractures with caries and periodontal disease more frequent causes [35] . Schriber reported 3 out of 14 lost abutment teeth originated from fractures [28] .
The type of attachments was too heterogeneous between the studies to perform a comparison between them. It would have been interesting to compare more rigid attachments like the Gerber cylinder or the Fae attachment to those that allow more degrees of freedom like the ball attachments or the magnets. However, we performed a subgroup analysis of cemented root caps with or without attachment and did not find a significant difference. We believe that the design of the overdenture, with an open or closed flange, might have a much more important influence; however there is rarely information on the specific denture designs marked in the available articles. Airoldi et al. described the "perio-overdenture" that is successfully used to provide partially edentate patients with root cap-retained removable prostheses. The root caps in this perio-overdenture are designed to support prostheses with an open design, thus facilitating oral hygiene and promoting periodontal health. [50] . The good results of the perio-overdenture according to the Zurich school with regard to the survival rate of the prostheses, the survival rate of the abutment teeth, the low caries incidence and the extremely low-inflammatory condition of the gingiva, suggest that the increased constructive effort for manufacturing the periooverdenture compared to the conventional overdenture is worth it in long-term [28] .
Conclusion
RODs often constitute the last resort before rendering patients completely edentate. They may aid in this transition, especially in very old patients with reduced adaptive capacities. With correct design, preparation and aftercare, RODs with cast coping still are a valid treatment option in partially edentulous patients.
